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Redundant target effecta b s t r a c t
Subitizing refers to people’s ability to enumerate small sets of items fast and accurately. The present
study examined if the speed and scope of subitizing is improved when the items to be enumerated are
presented bilaterally across hemiﬁelds rather than unilaterally in a single hemiﬁeld. Such an effect,
known as the bilateral ﬁeld advantage, has been observed in a number of other visual tasks. A second
aim was to examine whether the speed of subitizing could be explained by the speed it takes to detect
the items to be enumerated, as simple reaction times to multiple stimuli are known to be faster than
responses to individual items (known as the redundant target effect, RTE). The results revealed a bilateral
ﬁeld advantage even for enumerating two items. Moreover, the two item condition was the optimal sub-
itizing condition – even enumerating one single item took longer – but this effect was not due to the RTE.
In fact, the RTE negatively correlated with the speed of enumerating the same stimuli.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
A classical way to study the capacity and speed of visual atten-
tion is to ask participants to report the number of visually pre-
sented objects as fast as possible (Jevons, 1871; Revkin et al.,
2008). The strength of this type of task is that perceptual load,
i.e. the number of items, can be parametrically varied while target
selection remains undemanding (see, Huang & Pashler, 2007).
When the number of items is small (1–3), enumeration is effort-
less, rapid, and accurate (e.g. Trick & Pylyshyn, 1994). This enumer-
ation process has been termed subitizing to distinguish it from
counting which is time-consuming and error-prone (Kaufman
et al., 1949).
The very high precision of subitizing when compared to enu-
merating larger collections of items (Revkin et al., 2008; Choo &
Franconeri, 2014) shows that subitizing is more than just fast
and accurate estimation of number (cf. Ross & Burr, 2010;
Whalen, Gallistel, & Gelman, 1999). Subitizing has been argued
to reﬂect fundamental perceptual (Trick & Pylyshyn, 1994), atten-
tional (Cavanagh & Alvarez, 2005), or cognitive (Cowan, 2001;
Piazza et al., 2011) capacity limitations. In addition, subitizing
could be based on recognizing stimulus patterns (Mandler &
Shebo, 1982; Choo & Franconeri, 2014). In general, an adequatetheory of subitizing should explain, ﬁrst, why subitizing range is
limited to 3–4 items, and second, what determines the speed of
subitizing (Trick & Pylyshyn, 1994).
The ﬁrst aim of the present study was to examine whether the
hemiﬁeld arrangement of the stimuli affects subitizing perfor-
mance. Many visual tasks reveal a bilateral ﬁeld advantage where
performance is superior when stimuli are presented bilaterally
rather than unilaterally (Sereno & Kosslyn, 1991; Delvenne,
2005; Holcombe & Chen, 2012; Kraft et al., 2013). Alvarez and
Cavanagh (2005) showed that participants could track almost
twice as many items (up to 4) when the items were divided
between left and right hemiﬁelds, compared to when the items
were presented unilaterally. If similar capacity limitations underlie
multiple object tracking and subitizing, as is predicted by theories
(Pylyshyn, 1989; Cavanagh & Alvarez, 2005) and empirical obser-
vations (Chesney & Haladjian, 2011), a bilateral advantage should
also be observed in subitizing. A recent study failed to ﬁnd evi-
dence for bilateral ﬁeld advantage in subitizing (Delvenne et al.,
2011), but only examined enumeration accuracy and variation.
However, due to the very high precision of subitizing, it is possible
that a bilateral advantage in subitizing may only be observed in
enumeration times.
The present study tested if a bilateral ﬁeld advantage could be
observed already in the subitizing range when reaction times
(RT) are measured from verbal responses by a voice key. If a bilat-
eral ﬁeld advantage is observed it could give new insight into the
mechanisms of subitizing. Enumeration times have been reported
to increase slightly already in the subitizing range (Trick &
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Kwak, 1988), but other studies have reported constant enumera-
tion times (Sagi & Julesz, 1985; Revkin et al., 2008). Constant enu-
meration times were originally taken as evidence for parallel
preattentive processing (Trick & Pylyshyn, 1994), but research
has since revealed that subitizing is dependent on attention
(Railo et al., 2008; Olivers & Watson, 2008; Egeth, Carly, &
Palomares, 2008; Poise, Spalek, & Di Lollo, 2008; Vetter,
Butterworth, & Bahrami, 2008; Burr, Turi, & Anobile, 2010). The
increase in enumeration times in the subitizing range could thus
be caused by increased attentional demands (Duncan, 1980;
Oksama & Hyönä, 2008; Railo et al., 2008). Bilateral presentation
of items may be beneﬁcial for subitizing as the workload of atten-
tion is divided between different representational maps
(Franconeri, Alvarez, & Cavanagh, 2013). This could enable parallel
multifocal selection of items to be enumerated (Cavanagh &
Alvarez, 2005; Huang & Pashler, 2007).
A second aim of the present study (Experiment 2) was to
investigate whether subitizing speed could in part be explained
by the speed it takes to simply detect the items to be enumer-
ated. Simple speeded RTs are known to decrease when two items
are presented instead of one – this is known as the redundant tar-
get effect (RTE; Miller, 1982; Miniussi, Girelli, & Marzi, 1998;
Murray et al., 2001; Iacoboni & Zaidel, 2003). According to the
statistical facilitation model a single item is detected faster when
there are more alternatives to choose from (Miller, 1982). The
neural summation model states that the RTs decrease because
multiple targets produce a stronger neural activation than one
target (Miniussi, Girelli, & Marzi, 1998; Murray et al., 2001).
The RTE could decrease subitizing slopes by speeding up the
detection of items. Note that from the behavioral point-of-view
the crucial difference between a simple detection and an
enumeration task is that items need to be processed as separate
entities only in the latter case.2. Experiment 1
2.1. Method
2.1.1. Participants
Thirty volunteers (mean age 22, 21 females) took part in Exper-
iment 1. All participants had normal or corrected-to-normal vision.
One participant was left-handed (Oldﬁeld, 1971). All experiments
of the present study were carried out in accordance with the Code
of Ethics of the World Medical Association (Declaration of
Helsinki).Table 1
Mean RTs of the control experiment (Experiment 4).




‘‘Four’’ 272.24 13.902.1.2. Stimuli and procedure
Stimuli were presented using a 21-inch CRT-screen and E-prime
1.2 software. The stimuli to be enumerated were light grey dots
(95 cd/m2) presented on a white (109 cd/m2) background for
160 ms. The dots were presented following a ﬁxation mark dis-
played at the center of the screen for 800–1600 ms. The ﬁxation
mark was also visible when the dots were presented.
The participants’ task was to ﬁxate their eyes on the center of
the screen, and report the number of dots as fast and accurately
as possible by speaking to a microphone (AKG D40S). The partici-
pants were encouraged to maintain a central ﬁxation, but eye-
movements or ﬁxation location was not registered. The micro-
phone was attached to a voice key (Psychology Software Tools,
model 200A), which recorded the participants’ reaction times (rel-
ative to stimulus onset). After the participant’s response the exper-
imenter logged it by pressing a corresponding number on a
keyboard. A separate control experiment (N = 9) showed no statis-tically signiﬁcant RT differences in pronouncing number words 1–4
(F3, 24 = 1.20, p = .33; see Table 1).
The locations of the dots were calculated as follows: Each hemi-
ﬁeld was divided into three sectors which were in addition divided
into three different eccentricity portions (approximately 1.4, 2.5,
and 5 from ﬁxation), yielding nine possible locations per hemiﬁeld
(Fig. 1A). On each trial the dots were randomly assigned to any of
these predetermined (invisible) locations. To ensure that each dot
conﬁguration was novel, the exact locations where the dots were
presented (within a sector) varied slightly from trial to trial.
Depending on the condition, all dots were presented to either to
the left or right hemiﬁeld (unilateral condition), or distributed to
both hemiﬁelds (bilateral condition). On bilateral trials, when the
number of dots was odd, one hemiﬁeld contained one extra dot
compared to the other hemiﬁeld. When the number was even
(on bilateral trials), both hemiﬁelds had an equal number of dots.
In order to counteract the limitation of spatial resolution
(Palomares et al., 2011), and to minimize crowding effects
(Chakravarthi & Cavanagh, 2009), the size of the dots increased
with eccentricity. The size of a dot presented near ﬁxation was
0.4, 0.7 for intermediate eccentricity, and 1.2 for the highest
eccentricity.
The number of dots varied from 1 to 6. Each number was pre-
sented 16 times in each experimental condition (unilateral vs.
bilateral). In addition, the experiment included ﬁller trials that
were not included in the analysis. To discourage the participants
from guessing the highest number of stimuli, seven dots were pre-
sented 16 times (8 unilaterally, and 8 bilaterally) during the exper-
iment. Also, on eight ﬁller trials, when four dots were presented
bilaterally, the number of dots was not equally divided between
the hemiﬁelds (e.g. 1 dot in the left and 3 dot in the right hemi-
ﬁeld). The experiment was divided into 4 blocks, and conducted
in a quiet room. Each participant completed 10 practice trials
before the experiment.2.2. Results
Data was analyzed using a 5 (Number: 2–6)  2 (Condition:
unilateral vs. bilateral) repeated measures ANOVA. The one item
condition was excluded from the ANOVA because it was always
presented unilaterally.2.2.1. Enumeration times
Median reaction times of trials where the number was reported
correctly within 100–2000 ms were analyzed. This meant that for
numbers 1–4, on average 2% of trials were excluded from the anal-
ysis per participant, and for numbers 5 and 6 on average four trials
were excluded per participant.
Results are shown in Fig. 2A. ANOVA revealed main effects of
Number (F4, 116 = 195.7, p < .001) and Condition (F1, 29 = 30.8,
p < .001), and their interaction (F4, 116 = 5.1, p = .006). Bilateral pre-
sentations relative to unilateral presentations reduced reaction
times for number two (t29 = 2.8, p = .04), but not for number three
(uncorrected p = .25; multiple comparisons are Bonferroni cor-
rected unless otherwise stated). A bilateral advantage was also
Fig. 1. (A) A schematic presentation of possible stimulus locations (the sectors
deﬁned by the lines) and stimuli (the dots) employed in Experiments 1 and 3. Only
the stimulus dots, not the sector locations (i.e. lines), were displayed during the
experiment. Fixation mark was presented in the center. (B) In Experiment 2, the
total area covered by the stimuli was constant although number varied, as shown in
the example.
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ber 6 (uncorrected p = .047).
According to Fig. 2A enumeration of two dots seems faster than
enumerating one dot. A t-test veriﬁed that two bilateral objects
were enumerated more rapidly than one object (t29 = 3.1, p = .008;
mean difference 26.8 ms, SD = 47.1 ms, Cohen’s d = 0.58). When
two dots were presented unilaterally, enumeration times were
not statistically signiﬁcantly faster from enumerating one dot
(p = .23). The time required to enumerate three dots (average of
unilateral and bilateral conditions) was not statistically signiﬁ-
cantly different from enumerating one dot (p = .186).Fig. 2. Enumeration (A) times, (B) accuracies, and (C) variation coefﬁcients as a function
item condition is detached from the other number conditions because it was not includEnumeration times of dots presented unilaterally to left or right
hemiﬁeld did not differ statistically signiﬁcantly (F1, 29 = 2.0,
p < .17).2.2.2. Enumeration accuracy
ANOVA of enumeration accuracies (Fig. 2B) yielded both main
effects (Number: F4, 116 = 103.2, p < .001, and Condition: F1,
29 = 38.5, p < .001), and their interaction (F4, 116 = 12.8, p < .001). T-
tests performed separately for each number demonstrated a clear
bilateral advantage for numbers 4–6 (ps 6 .025), a marginal bilat-
eral advantage for number 3 (uncorrected p = .03), and no bilateral
advantage for number 2 (uncorrected p = .1).
Enumeration accuracies of dots presented unilaterally to left or
right hemiﬁeld did not differ statistically signiﬁcantly (F1, 29 = 1.6,
p < .21).2.2.3. Variation coefﬁcients
One characteristic of subitizing is the negligible variation in
responses (Revkin et al., 2008). Variation coefﬁcients (VC; standard
deviation of response divided by mean response; Fig. 2C) increased
as a function of number (F4, 116 = 62.6, p < .001), and variation was
smaller in the bilateral condition (F4, 116 = 25.0, p < .001). The Num-
ber  Condition interaction approached signiﬁcance (F4, 116 = 2.5,
p = .065).2.2.4. Subitizing range
Subitizing range was quantiﬁed for each participant by search-
ing for a breakpoint in the RT, accuracy, and VC data using piece-
wise regression consisting of two linear segments (Canizares,
2013; for similar approach, see Balakrishnan & Ashby, 1992;
Green & Bavelier, 2006). The subitizing range estimates were ana-
lyzed using a Measure (3: RT, accuracy, VC)  Condition ANOVA. As
shown in Fig. 3, compared to unilateral condition, bilateral presen-
tation extended the subitizing range (F1, 29 = 10.5, p = .003) by .45
(SD = .76) items on average. The main effect of Measure was also
statistically signiﬁcant (F2, 58 = 18.7, p < .001) as the accuracy mea-
sure provided larger subitizing ranges than RT (p < .001) and VC
(p < .001). The interaction between Measure and Condition was
not statistically signiﬁcant (F2, 58 = .2, p = .83).
To further examine whether different measures provided simi-
lar estimates of the subitizing range, I calculated correlations
between different measures (average of bilateral and unilateral
conditions). Only accuracy and VC subitizing ranges revealed a cor-
relation (Pearson’s r = .83, p < .001; other correlations: r 6 .3,
uncorrected pP .1).of number and condition. Error bars represent the standard error of mean. The one
ed in the ANOVA.
Fig. 3. Average subitizing ranges based on RT, accuracy, or VC measures. Error bars
show SEM.
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The results show that bilateral presentation compared to unilat-
eral presentation of stimuli extends the subitizing range, increases
enumeration accuracy, and reduces enumeration times in the sub-
itizing range. In fact, enumerating two bilaterally presented objects
was faster than enumerating a single object presented in either the
left or right hemiﬁeld.
Why was the number of items reported faster and more accu-
rately when the dots were presented bilaterally rather than unilat-
erally? A possible answer is that each hemiﬁeld has somewhat
independent processing capacities (Alvarez & Cavanagh, 2005;
Franconeri, Alvarez, & Cavanagh, 2013). Although crowding might
explain the bilateral advantage when set-size was relatively high
(e.g. 5–6; Chakravarthi & Cavanagh, 2009), the observed results
speak against the crowding interpretation in the subitizing range.
First, if crowding would explain the bilateral advantage at number
two, then two unilaterally presented items should be more chal-
lenging to enumerate than one item. Yet, the time to enumerate
two unilateral dots was smaller (although not statistically signiﬁ-
cantly) than the time it took to enumerate a single dot. Second, if
crowding would cause the bilateral advantage, it should be
observed also at number three, which is not the case. Third, the
time to enumerate three dots was not statistically signiﬁcantly dif-
ferent from the time to enumerate one dot, which is at odds with
the crowding argument.
A fascinating result in Experiment 1 was that the number of two
bilaterally presented objects was reported faster than the number
of a single dot. For simplicity I will call this effect the two-item
advantage. Experiment 2 studied if the two-item advantage can
be explained by the RTE.3. Experiment 2
To examine if the RTE contributes to subitizing speed, a simple
reaction time condition where the participants merely had to ver-
bally indicate the presence of any items was included to Experi-
ment 2 in addition to the enumeration condition. If a bilateral
advantage (relative to unilateral presentation) is observed in the
simple RT task, its underlying mechanism should be considered a
low-level visual process. On the other hand, if no bilateral advan-
tage is observed in the RTE, the bilateral advantage may arise from
higher visual processes (e.g. selective attention).
In Experiment 2 the overall area covered by the dots was kept
constant and only the number of stimuli was varied. Typically in
RTE studies stimulus intensity is confounded with the number of
stimuli. Furthermore, RTE studies typically only contrast the single
stimulus condition with the two-item condition.3.1. Method
3.1.1. Participants
18 novel, right-handed (Oldﬁeld, 1971) participants (mean age
25 years, 2 males) took part in Experiment 2, and received study
credits for participating. All participants had normal or corrected-
to-normal vision.
3.1.2. Stimuli and procedure
The apparatus was the same as in Experiment 1. The target
stimuli were somewhat darker (62 cd/m2) than in Experiment 1.
Unlike in Experiment 1, the stimuli for Experiment 2 were pre-
drawn so that each participant received exactly the same stimuli
(but in different, randomized order). The overall pattern of the
stimuli did not resemble any familiar shapes (Wender &
Rothkegel, 2000). To further minimize crowding effects, interstim-
ulus distance was increased (minimum center-to-center interstim-
ulus distance was 5.5). The area to which the stimuli could be
presented was 23. Critically, the overall area covered by the target
stimuli was kept constant (Fig. 1B), so that differences in reaction
times cannot be explained by differences in stimulus energies.
There were three different sets of stimuli that differed with respect
to the overall area covered by the stimuli. These were: 1.5, 1.8, and
2.5 degrees (i.e. the size of a stimulus when one target was
presented).
Each trial began with the presentation of a ﬁxation point for
800–1600 ms. After this the ﬁxation disappeared, and a blank
screen was presented for 47 ms, which was followed by the target
stimuli that were presented for 47 ms (without ﬁxation). The blank
screen was presented before the stimuli to ensure that all possible
object indexes (Pylyshyn, 1989; Cavanagh & Alvarez, 2005) were
available when the stimuli to be enumerated were presented.
The onset of simple saccadic RTs to unilateral targets is approxi-
mately 100 ms (Kirchner & Thorpe, 2006), so assuming that the
participants were ﬁxating the center of the screen when the ﬁxa-
tion cross disappeared, they should not be able to move their eyes
to ﬁxate any of the targets.
The task and instructions were the same as in Experiment 1
with the exception that an additional simple reaction time task
was included where the participants were asked to say (the Finnish
equivalent of the word) ‘‘now’’ as soon as they detected any num-
ber of stimuli on the screen.
The number of stimuli varied from 1 to 4. Each number was pre-
sented 16 times unilaterally, and 16 times bilaterally in each task
condition (enumeration/simple RT). To discourage the participants
from guessing the highest number of dots, on 17% trials 5 or 6
objects were presented but these trials were not included in the
analysis. Each task condition was divided into 3 blocks, and the
participants were allowed to take brakes between the blocks. The
order of simple-RT and enumeration conditions was counterbal-
anced across participants. Each participant completed 10 practice
trials before each task.
3.2. Results
Reaction time data is based on median RTs of individual sub-
jects. In enumeration condition, the RTs are based on correct
answers, and trials with RTs between 100 and 2000 ms were taken
into account (on average 1 trial was excluded per participant). In
the simple RT condition, trials with RTs between 100 and 800 ms
were included in the analyses (on average 1 trial was excluded
per participant). Multiple comparisons are uncorrected as the
hypotheses are based on the results of Experiment 1.
Reaction time data was ﬁrst analyzed by a general Task (2: Enu-
meration vs. Simple RT)  Number (3: two to four)  Condition (2:
unilateral vs. bilateral) ANOVA. All main effects and interactions
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RT tasks were next analyzed separately.
3.2.1. Enumeration task
Analysis of enumeration times yielded results akin to those
observed in Experiment 1, as shown in Fig. 4A. In addition to the
main effects of number (F2, 34 = 40.3, p < .001) and condition (F1,
17 = 99.8, p < .001), their interaction was signiﬁcant (F2, 34 = 37.9,
p < .001). Bilateral presentation of stimuli yielded faster RTs than
unilateral presentation, marginally for two items (t17 = 2.0,
p = .058), and clearly for three (t17 = 3.6, p = .002) and four items
(t17 = 8.3, p < .001).
As in Experiment 1, the participants were faster in enumerating
two bilateral items relative to one item (t17 = 2.5, p = .022; mean
difference = 14.3 ms, SD = 24.0 ms; Cohen’s d = 0.46), but there
was no statistically signiﬁcant difference in enumerating two uni-
lateral items and one item (p = .35). Also, the speed of enumerating
three bilaterally presented objects was not statistically signiﬁ-
cantly different from enumerating one item (p = .15). However,
when the three items were presented unilaterally, enumeration
was slower compared to the speed on enumerating one object
(t17 = 3.3, p = .004).
The participants’ enumeration accuracy was almost perfect
(97% correct), and revealed no statistically signiﬁcant main or
interaction effects (psP .44).
3.2.2. Simple RT task
In the simple RT task, a Number (3)  Condition (2) ANOVA
showed no statistically signiﬁcant effects (psP .38). In other
words, no bilateral advantage was observed in simple RTs, as seen
in Fig. 4A.
Comparison of the one and two item conditions revealed an
RTE: when compared to the one item condition, the simple RTs
to two items were faster in both unilateral (t17 = 2.79, p = .013),
and bilateral conditions (t17 = 2.5, p = .022). The magnitude of RTE
(mean RTE = 15.5 ms, SD = 24.7, Cohen’s d = 0.32) did not differ sta-
tistically signiﬁcantly between unilateral and bilateral conditions
(p = .73).
Miller’s Race Model boundary (Miller, 1982) was not violated
either in the unilateral (p = .88), or bilateral (p = .48) condition
(Gondan, 2010). Hence, the RTE can be explained in terms of
statistical facilitation.
3.2.3. Correlation of enumeration and simple RT
Two itemswere enumerated faster than one item in the bilateral
condition, revealing a similar effect as the RTE. Intuition probablyFig. 4. (A) Enumeration times (solid lines) and simple RTs (dashed lines) in the unilater
standard error of mean. (B) The correlation between the RTE (in the simple RT task), ansuggests a positive correlation between RTE and the two-item
advantage in enumeration: The faster participants detect the pres-
ence of items, the faster they enumerate them. Consistent with this,
there was a positive correlation between the speed of detecting a
single item and enumerating one item (Pearson’s r = .62, p = .006).
However, the size of the two-item advantage correlated negatively
with the size of the RTE, both during bilateral (Spearman’s
rho = .48, p = .05), and unilateral (Spearman’s rho = .71,
p = .001) presentations (Fig. 4B; one outlier was excluded from each
correlation test). In other words, the more a participant beneﬁtted
from the presentation of an additional target in the simple RT task,
the smaller was the two-item advantage in enumeration.3.3. Discussion
Experiment 2 replicated the results of Experiment 1, demon-
strating a bilateral advantage in subitizing. This effect was already
noticeable at number two, but became more consistent at number
three. Unlike in Experiment 1, a bilateral advantage was observed
for number three in Experiment 2. The reason for this discrepancy
is unclear, but it may be related to differences in stimuli (e.g. size,
conﬁguration, and presentation duration). It could also be due to
the fact that in Experiment 1 the ﬁxation mark was visible when
the stimuli to be enumerated were presented. Arguably, the ﬁxa-
tion mark may have attracted an object index (Trick & Pylyshyn,
1994), or an attentional focus (Cavanagh & Alvarez, 2005), thereby
decreasing the efﬁciency of subitizing.
A key result of Experiment 2 is that no bilateral advantage was
observed in a simple RT task. This suggests that the bilateral
advantage observed in subitizing may be related to individuating
items from each other by attention. An important difference to pre-
vious RTE studies was that stimulus size was controlled. The
observed RTE between one and two stimuli suggests that the RTE
is not simply the product of additional stimulus energy, but that
it is also sensitive to the number of items. Interestingly, additional
items did not increase the RTE, although neither the statistical
facilitation nor the neural summation model predicts a discontinu-
ity at number two. Thus, the RTE could partly be based on limited-
capacity object selection mechanisms (such as attentional indexes;
Pylyshyn, 1989; Cavanagh & Alvarez, 2005). Previously Theeuwes
(1994) observed that the RTE increased linearly with number of
items when subjects performed a go/no-go task on 1–3 letter
stimuli.
The comparison of the speed of simple RT to the speed of sub-
itizing demonstrates that subitizing takes considerable processing
time. The classical characterization of subitizing as ‘‘immediateal (grey) and bilateral (black) conditions in Experiment 2. Error bars represent the
d the two-item advantage in enumeration (grey = unilateral, black = bilateral).
Fig. 5. Enumeration times in Experiment 3. Black line depicts the (‘‘bilateral’’)
condition where one item was always presented at ﬁxation. Error bars show
standard error of mean.
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itizing is also slower than other (at least seemingly) complicated
visual decisions, such as scene categorization which may be
performed on average in 200 ms (Kirchner & Thorpe, 2006).
Similar to Experiment 1, a two-item advantage over one item
was also observed in enumeration times when two items were
presented bilaterally. This effect resembles the RTE, but the two
processes were anti-correlated. This correlation may reﬂect a
trade-off between simply detecting any items, and attentionally
individuating the items or integrating them into a coherent percept
(Palomares & Egeth, 2010). Some participants may be especially
fast in simply detecting that some items were presented, whereas
others may have a tendency to individuate, integrate, or enumerate
the items, even if this is not beneﬁcial for the task. Consistent with
the present results, previous research has shown that (unlike
object detection) subitizing is largely independent of manipula-
tions of item visibility (Palomares & Egeth, 2010).4. Experiment 3
Experiments 1 and 2 suggest that two bilateral items are enu-
merated faster than a single unilateral item. However, as the single
item condition was always unilateral the proposed two-item
advantage could reﬂect a disadvantage of processing single
unilateral items. To control for the possible confound the bilateral
condition was replaced by a condition where one of the items is
always presented foveally.4.1. Method
4.1.1. Participants
15 volunteers (8 males), between ages 22–35 (mean age
27.5 years) took part in the experiment. All reported being right-
handed, and having normal or corrected-to-normal visual acuity.4.1.2. Stimuli and procedure
The stimuli and procedure of Experiment 3 is identical to Exper-
iment 1 with the following exceptions. The number of stimuli var-
ied between 1 and 3. In the bilateral condition one of the items was
always presented right at the ﬁxation. For example, when three
items were presented ‘‘bilaterally’’, one item was presented at ﬁx-
ation, and the two other items were presented either unilaterally
(50% of trials) or bilaterally (50% of trials). Each experimental con-
dition (e.g. two items, unilateral) was presented 24 times. Some-
times 4 or 5 items were presented (4% of trials), but these trials
were not analyzed.4.2. Results
The results of Experiment 3 are shown in Fig. 5. ANOVA (Number
(3)  Condition (2)) revealed a main effect of number (F2, 28 = 5.85,
p = .022), and an interaction (F2, 28 = 3.75, p = .036). For numbers
one (p = .98), and two (p = .75) the unilateral and bilateral/foveal
conditions did not differ in reaction times, but three unilateral stim-
uli took longer to enumerate than three bilateral/foveal items
(p = .011; all p-values are uncorrected as they are based on hypoth-
eses from Experiments 1 and 2).
The average time to enumerate two items (average of unilateral
and bilateral conditions) was shorter than the average time to enu-
merate one item (p = .041;meandifference = 24.5 ms, SD = 42.0 ms;
Cohen’s d = .60), or tree unilateral (p < .001) or bilateral (p = .001)
items. There was no statistically signiﬁcant difference in enumerat-
ing one item and enumerating three unilateral or bilateral items
(psP .16).Enumeration accuracy was high overall (99% correct), and did
not reveal statistically signiﬁcant effects.4.3. Discussion
Experiment 3 replicated the two item advantage observed in
Experiments 1 and 2, demonstrating that it was not caused by
the unilateral presentation of a single item. However, unlike in
the previous experiments, the two-item advantage was not
restricted to the bilateral condition.
Unlike in previous experiments, a bilateral advantage was not
observed in the two- item condition. However, as discussed in
General Discussion, in Experiment 3 the participants may have
been expecting a stimulus to the ﬁxation, which may have affected
the distribution of the attentional focus (or foci).5. General discussion
The present study yielded the following novel ﬁndings. First,
subitizing is faster, more accurate, and the subitizing range larger
when targets are presented bilaterally than when they are pre-
sented unilaterally. Second, the two item condition is the optimal
subitizing condition, yielding the fastest enumeration times. Third,
this two-item advantage is not due to the RTE, and the two mea-
sures are negatively correlated.
Bilateral presentation of stimuli is beneﬁcial for various visual
tasks (Sereno & Kosslyn, 1991; Alvarez & Cavanagh, 2005;
Delvenne, 2005; Holcombe & Chen, 2012; Kraft et al., 2013), and
the present ﬁndings show that it generalizes to enumeration in
the subitizing range. In contrast to the present ﬁnding, Delvenne
et al. (2011) only observed a bilateral ﬁeld advantage in counting.
This difference may in part be explained by the fact that Delvenne
et al. (2011) did not examine RTs. The present results show that a
bilateral ﬁeld advantage can be observed in RTs, although a similar
effect is not observed in enumeration accuracies. The bilateral
advantage in subitizing is consistent with the fact that attentional
manipulations compromize subitizing (e.g. Railo et al., 2008; Burr,
Turi, & Anobile, 2010).
The bilateral ﬁeld advantage could be explained by assuming
that the left and right hemiﬁelds have somewhat independent
attentional resources, enabling multifocal selection of items
(Cavanagh & Alvarez, 2005). However, a bilateral advantage does
not directly imply multifocal attention or parallel processing (see
also, Townsend & Wenger, 2004), as it could also be argued that
switching the location of a single attentional locus is more efﬁcient
bilaterally than unilaterally. In neural terms, discriminating items
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eral condition due to competitive interactions within representa-
tional maps. That is, unlike bilateral stimuli, unilateral stimuli
must compete for representation in overlapping neural receptive
ﬁelds, and attention is required to resolve this competition
(Franconeri, Alvarez, & Cavanagh, 2013; VanRullen, Reddy, &
Koch, 2004).
Whereas the bilateral ﬁeld advantage in subitizing could be
considered a somewhat expected ﬁnding, the two-item advantage
was more unexpected. The two-item advantage was 18.5 ms on
average, and it had a relatively robust effect size (mean Cohen’s
d = .54). Previous studies have reported either constant (e.g.
Revkin et al., 2008) or slightly increasing (e.g. Trick & Pylyshyn,
1994) RT slopes in the subitizing range, which have then been
interpreted in terms of parallel or serial models. The two-item
advantage contrasts both parallel and serial models, and suggests
that subitizing is a mixture of both. The two-item advantage is at
odds with the assumption of the serial model that attentional
demands increase as the number of objects increases (e.g. Railo
et al., 2008), and it also contrasts the suggestion that number nam-
ing explains the increase of RTs in the subitizing range (Trick &
Pylyshyn, 1994). However, also multifocal attention models
(Cavanagh & Alvarez, 2005), or other models that predict parallel
selection of multiple spatial locations (Huang & Pashler, 2007)
have to explain why enumerating one item takes longer than
enumerating a two items.
If one assumes that the visual system can simultaneously
search for multiple targets in a top-down manner, the mechanism
should also have a criterion to determine when to stop this search
when the number of items physically present is smaller than the
number of available attention foci. When, for example, two atten-
tion foci are available, but only one item is presented, additional
processing would be required to conclude the absence of addi-
tional items (cf. target-absent trials in visual search). The above
explanation assumes that the two-item advantage is produced by
top-down expectations: in situations where the participant
assumes that the optimal way to complete the task requires pro-
cessing multiple items the visual system searches for two items
‘‘by default’’. When the number of targets is lower or higher than
two, attention needs time to adapt to the situation. More broadly,
this view is consistent with predictive coding models that propose
that perception is fundamentally driven by context-dependent
top-down predictions (Spartling, 2008). If correct, the two-item
advantage should be modulated by whether participants expect
that the optimal strategy is to process multiple items or a single
stimulus.
According to the above interpretation the bilateral advantage
and two-item advantage are, in general, separate phenomena with
different causes. Whereas the bilateral ﬁeld advantage may reﬂect
competitive interactions in representational space, the two-item
advantage is attributable to top-down expectations. In Experi-
ments 1 and 2 the two-item advantage was observed only for bilat-
eral displays. However, in Experiment 3 also unilateral two-item
displays produced the two-item advantage. In Experiment 3 the
displays were not strictly either unilateral or bilateral, but bilateral
displays also included foveal targets. This may have inﬂuenced the
distribution of top-down attention: the participants were probably
expecting foveal targets, so they did not have to spread top-down
attention to both hemiﬁelds.
Importantly, the two-item advantage is not due to the speed-up
of detecting multiple items (RTE), but rather it correlates nega-
tively with it. Note that the correlation was observed between
two different visual tasks, not between two conditions during the
same task. This suggests that participants’ characteristic visual
processing tendencies inﬂuence their performance: whereas some
participants may emphasize simply detecting the items, othersmay have a tendency to individuate or integrate the items into a
coherent percept even when it is not required. Concerning the
RTE, an important ﬁnding is that it is sensitive, not only to the
overall amount of stimulation, but also to the number of stimuli.
No bilateral (or unilateral; see, Murray et al., 2001) advantage
was observed in the RTE suggesting that the bilateral advantage
is related to attentive processing that requires discriminating sep-
arate objects.
Previous studies have not reported that two items are enumer-
ated faster than one target. However, visual inspection shows that
a similar trend is present in some previous studies (Revkin et al.,
2008; Mandler & Shebo, 1982; Olivers & Watson, 2008; Dehaene
& Cohen, 1994; Green & Bavelier, 2006). In other studies the
two-item advantage is not noticeable, and enumeration times
may be longer for two items compared to one item (Trick &
Pylyshyn, 1994; Oyama, Kikuchi, & Ichihara, 1981; Folk, Egeth, &
Kwak, 1988). Why previous studies have not observed the two-
item advantage may be related to several issues: RTs have some-
times been measured using button presses (which probably pro-
vides less precise measurements compared to voice key), the
stimuli in previous studies may have included unilateral, or too
densely presented sets of dots, and sometimes the single-item con-
dition has been excluded from a study altogether.
The present results (Experiment 1) suggest a dissociation
between different measures of subitizing (Green & Bavelier,
2006): RTs provided smaller estimates of the subitizing range than
accuracy, and the two measures did not correlate. As no visual
masking was used, the participants may have counted the items
by relying on afterimages. It could also be argued that whereas
enumeration speed may reﬂect the attentional selection of items
into short-term memory, accuracy may reﬂect the processing of
items in visual short-term memory (Cowan, 2001; Piazza et al.,
2011; Green & Bavelier, 2006). Memory capacity for spatial loca-
tions has also revealed a bilateral advantage (Delvenne, 2005).
Note also that the bilateral ﬁeld advantage observed in subitizing
is smaller than the bilateral advantage observed in counting. This
may be because in subitizing the bilateral advantage reﬂects atten-
tion-dependent resolving of competition for representation,
whereas in the counting range also short-term memory processes
are aided by bilateral presentation of stimuli.
In conclusion, the present ﬁndings show that attentional selec-
tion of multiple items cannot be explained by simple serial or par-
allel models. The speed and scope of subitizing depend, not only on
the number of items, but also on hemiﬁeld alignment and individ-
ual participants’ characteristic tendencies in processing the items.Acknowledgments
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